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Abstract 
 
The increase of commodity prices for classical corrosion 
protection materials such as WC/Co and Cr3C2/NiCr are 
leading to significantly increased coating costs. This reduces 
the competitiveness when compared to other coating 
technologies such as electroplating, particularly if carbide 
coatings are representing an over engineered solution for the 
considered application. A promising economic alternative is 
the employment of advanced ferrous materials. Fe-base 
coatings have the potential for very good corrosion protection 
and favourable wear properties combined with a low cost level 
due to relatively low priced alloy materials. In this study three 
different Fe-base materials have been sprayed by liquid and 
gaseous fuel HVOF spraying and analysed with respect to 
microstructure, hardness and corrosion resistance. Corrosion 
tests have been carried out with sulphuric acid as well as 
artificial seawater. 
 
Introduction 
 
Hard chrome has been traditionally a successful technique to 
prevent abrasive sliding wear resistance and corrosion [1-3]. 
Regulations designed to protect against the safety and 
environmental hazards of hexavalent chrome (Cr VI) have 
motivated numerous studies to find an adequate hard chrome 
replacement. A world-wide goal is that hard chrome plating 
will no longer be used as a regular coating technique, so the 
known carcinogen (Cr VI) air emissions can be reduced 
significantly. 
 
In the last years, High Velocity Oxy-Fuel (HVOF) spray 
coatings has emerged as one of the most cost effective ways to 
combat wear and corrosion. HVOF coatings have been tested 
to find a suitable replacement for hard chrome plating. Here, 
in order to meet the requirements of a specific application, 
WC/Co and Cr3C2/NiCr [4-7] have been intensively used due 
to their well known wear and corrosion resistance. However, 
the costs of WC/Co and Cr3C2/NiCr materials have increased 
due to dramatically increased raw material cost. 
 
Iron based materials could be an economic alternative as 
surface material. 316 L is for example a highly corrosion-
resistant stainless steel because of its chemical composition 
and could show satisfactory corrosion resistance as coating 
material. The main advantage of iron based coatings is their 
high ductility compared to ceramic and cermets coatings, 
which makes its coatings machinable. 
 
Experimental 
 
Three different Fe-based powders produced by Höganäs AB 
(Höganäs, Sweden) were investigated. The chemical 
compositions of the powders are shown in Table 1. 
 
For the coating development two different commercial HVOF 
systems were used, the Diamond Jet HybridTM (DJ 2600) from 
Sulzer Metco (Hattersheim, Germany), operated with 
hydrogen as fuel gas, and the K2 from GTV (Luckenbach, 
Germany), operated with kerosene. 
 
Table 1: Chemical composition of the powders (max. wt. %). 
 
 6A 3.50 HMSP 316 L 
C 2.0 1.83 0.018 
Fe Bal. Bal. Bal. 
Cr 14.0 28.0 16.65 
Ni 6.0 16.2 12.62 
Mn 0.5 0.8 1.34 
Si 3.0 1.34 0.95 
B 3.0 0.005 - 
Mo - 4.4 2.33 
Particle 
size [µm] 
-45 +10 -45 +10 -53 +20 
 
 
 For each system, a spray matrix was designed to evaluate the 
influence of the main spray parameters on the coating quality 
by means of statistical analysis using a two-level factorial plan 
(26-2)-Type (see Table 2). For each spray system, a parameter 
window was selected to achieve different coating’s 
microstructures and properties. Table 3 shows the optimized 
spray parameter for each system. 
 
Table 2: Structure of the spray matrix used for the DJ 2600. 
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1 230 0.20 680 50 20 200 
2 290 0.20 680 50 30 200 
3 230 0.40 680 50 30 400 
4 290 0.40 680 50 20 400 
5 230 0.20 880 50 30 400 
6 290 0.20 880 50 20 400 
7 230 0.40 880 50 20 200 
8 290 0.40 880 50 30 200 
9 230 0.20 680 70 20 400 
10 290 0.20 680 70 30 400 
11 230 0.40 680 70 30 200 
12 290 0.40 680 70 20 200 
13 230 0.20 880 70 30 200 
14 290 0.20 880 70 20 200 
15 230 0.40 880 70 20 400 
16 290 0.40 880 70 30 400 
17 260 0.30 780 60 25 300 
 
The coatings were sprayed onto 70 x 60 x 10 mm flat mild 
steel substrates. Prior to deposition, the substrate surface was 
degreased and then blasted with F24 grit using a pressure of 6 
bar. The microstructure of the coatings was evaluated by 
means of optical microscopy. The porosity was measured by 
means of image analysis. The coating hardness was measured 
following the standard ISO 6507.1. The reported value is an 
average of 10 measurements. 
 
Ball-on-disc tests were performed with a Tribometer from 
CSM Instruments (Peseux, Switherland) to evaluate the wear 
behaviour of the coatings. Prior to the testing, the coatings 
were ground to an 800 grit finish. Al2O3 balls with 6 mm 
diameter were used as counter part. The force on the ball 
amounted to 5 N and the total sliding distance to 1000 m. The 
sliding speed was 5.0 cm/s. A laser profilometer from UBM 
(Sunnyvale, CA, USA) was used to provide surface line 
profiles, and to determine the volume of the wear scar. 
 
The electrochemical experiments were conducted in both a 
0.1N H2SO4 (pH 1-2) solution and artificial sea water (pH 7-
8). An electrochemical cell with a platinum grid auxiliary 
electrode and a saturated calomel reference electrode (SCE) 
were used. Electrochemical measurements were taken with a 
Bank Elektronik (Pohlheim, Germany) model Wenking PGS 
95 potentiostat/galvanostat controlled by a computer. 
 
The samples were tested as sprayed. A surface area of 0.50265 
cm2 of the specimen was exposed to the aqueous media and 
the corrosion potential was measured for a period of 20 
minutes (max.), which was long enough to obtain stabilization. 
The polarization curves were measured at a scan rate of 900 
mV/h. 
 
Table 3: Processing parameters for coatings deposited by DJ 
2600 and K2. 
 
 DJ 2600 K2 
 316 L 
and 3.50 
6A All powders 
Total mass 
flow [SLPM] 
880 880 - 
Stoichiometry 0.25 0.32 - 
Shroud gas 
N2 [SLPM]  
300 300 - 
Feeder gas 
flow [SLPM] 
20 20 2 x 9 
Standoff 
distance 
[mm] 
280 250 350 
O2 [l/min] - - 775 
Kerosene 
[l/h] 
- - 25 
Transversal 
speed [mm/s] 
500 500 500 
Nozzle [mm] - - 150/12 
 
 
Results and Discussion 
 
Parameter Optimization 
The spray parameters were optimized to obtain coatings as 
dense and hard as possible with a low level of oxidation. 
Figure 1 shows an example of the results of the statistical 
analysis for 6A coatings produced with the DJ 2600 System. It 
can be seen that only the standoff distance, the gas flow rate 
and the stoichimetry exceed the so called 0.05 line, which 
means that they have a statistically valid influence on the 
hardness and porosity of the coatings. The negative value next 
to the column means that an increase of the respective spray 
parameter will lead to lower values of the evaluated coating 
property. So it is clearly shown that an increase of the 
stoichiometry or standoff distance leads to lower hardness 
values and more porosity. Coatings with higher hardness and 
density can be produced by increasing the gas flow rate. 
Similar tendencies are observed for 316 L and 3.50 coatings 
produced with the DJ 2600 system. 
 
 Coating Microstructure 
Figure 2 shows 316 L, 6A and 3.50 coatings microstructure 
achieved with both the DJ 2600 and K2 system by using the 
optimized parameters (Table 3). Due to the high particle 
velocities of the HVOF systems, very dense coatings can be 
produced. In this work, coatings of 316 L, 6A and 3.50 with 
porosity below 1 % were successfully developed. Partially 
melted particles can be seen in the coatings, in particular in the 
316 L coatings, which present higher oxidation than 6A and 
3.50 coatings. These 316 L coatings are representative for a 
spray parameter for an optimized compromise between low 
porosity, high hardness and low oxidation grade. 
 
 
 
a 
b  
 
Figure 1: Statistic analysis of the process parameters effect on 
a) hardness and b) porosity of the 6A coatings produced with 
the DJ 2600 system. 
 
The chemical composition of the starting materials leads to 
different hardness of the coatings. It can be demonstrated that 
6A coatings are harder than 3.50 and 316 L coatings; these last 
ones show lower hardness values. However, the average 
hardness values observed by the coatings produced with the 
K2 system tend to exceed those of coatings obtained with the 
DJ 2600 system. Best results were obtained with 6A coatings 
sprayed with the K2 system (741 HV 0.3). Table 4 
summarizes porosities and hardness results of the different 
coatings.  
 
 
 
 
Figure 2: Micrographs of the coatings sprayed with the DJ 
2600 System: a) 316 L, b) 6A and c) 3.50; and sprayed with 
the K2 System: d) 316 L, e) 6A and f) 3.50. 
 
Table 4: Porosity and hardness of the coatings. 
 
 Porosity [%] Hardness [HV 0.3] 
 DJ 2600 K2 DJ 2600 K2 
316 L 0,19 0,62 246 350 
6A 0,12 0,06 696 741 
3.50 0,15 0,08 489 516 
 
 
Wear Behaviour 
6A and 3.50 hard coatings show clearly better wear behaviour 
than 316 L coatings under same test conditions. The test on 
316 L coatings had to be stopped after 200 m, because of 
severe wear presented on the samples. Figure 3 shows a wear 
profile of the 316 L coating after 200 m in comparison to the 
wear of a 3.50 coating after 1000 m. After a test distance of 
200 m, 316 L coatings present a wear rate in the order of 
magnitude of 10-4 mm3/N*m, while the wear rate of 6A and 
3.50 coatings is in the order of magnitude of 10-6 mm3/N*m 
after 1000 m. Table 5 summarize the wear rate of the coatings. 
  
The test conditions contribute to heat development in the 
contact area [8]. The heat accumulation at the contact zone 
generates an increase in temperature, which, combined with 
the oxygen present in the surrounding atmosphere, lead to 
tribooxidation. Figure 4 shows the wear track developed on 
6A coating. Oxidation products on the wear track can be 
clearly seen. 
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Figure 3: Wear profile on coatings produced with the K2 
system: a) 316 L after 200 m, and b) 3.50 coating after 1000 
m. 
 
Table 5: Wear rate of the coatings. 
 
 Wear rate [mm3/N*m] 
 DJ 2600 K2 
316 L (after 200 m) 4,78E-4 1,43E-4 
6A 3,93E-6 2,81E-6 
3.50 5,17E-6 4,18E-6 
 
 
Corrosion Behaviour 
Polarization curves for the different coatings, exposed to both 
H2SO4 and artificial seawater at 25 °C, are shown in Fig. 5. No 
passivity can be seen, however, the current density remains 
more or less constant or even drops after reaching Flade 
potential. At this potential a primary, porous salt layer covers 
the metal coating, preventing the contact with the electrolyte 
[9]. But this salt layer is not stable enough to promote a 
passive layer. 
 
Beyond the corrosion potential the current density rises 
abruptly, which means a fast dissolution speed. Then the 
coatings go in a pseudo passivity condition until breakdown 
potential. 
 
It can be seen that coatings exposed to a 0.1 N H2SO4 solution 
present similar corrosion potentials and corrosion currents, 
only 3.50 coatings produced with the K2 system show more 
positive values of the corrosion potential and a smaller 
corrosion current. This means the corrosion first takes place at 
higher over voltages with slower dissolution speed. 
 
 
 
 
 
Figure 4: Wear track on 6A coatings produced with the  K2 
system. 
 
Figure 5b shows polarization curves of the coatings exposed to 
artificial seawater. It can be clearly seen that only 6A coatings 
produced with the DJ 2600 corrode first at higher potential, 
but after going through the corrosion potential, the current 
density rises steeply. This means an immediate, very fast 
dissolution of the coating material. At approximately 300 mV 
a flattening of the curve can be observed. However a 
formation of a protective coating can not be considered, since 
the rate of corrosion already reached is too high. A consistent 
explanation for the big difference between the values of the 
corrosion potentials of these coatings could not be found, 
hence this result must be verified with further studies. 
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Figure 5: Electrochemical test of the coatings in a) H2SO4 (0.1 
N) and b) artificial seawater. 
 
 
 
Summary and Conclusions 
 
Based on the results obtained during this investigation, the 
following conclusions can be drawn. 
 
Highly dense 6A and 3.50 coatings can be produced by means 
of different HVOF processes, with higher hardness than 316 L 
coatings.  
 
A clear tendency on the influence of the investigated DJ 2600 
process parameters on relevant coating properties was 
observed. It was found that the total gas flow, spray distance 
and stoichiometry have a statistically validated influence on 
the porosity and hardness of the coatings. By defining 
optimized parameters such as lower stoichiometry, lower 
spray distance and/or higher gas flow rate, denser and harder 
coatings can be produced. 
 
The wear resistance of 6A and 3.50 coatings was investigated 
by means of the ball-on-disc test and compared to the wear 
resistance of 316 L coatings. 6A and 3.50 coatings produced 
with both the DJ 2600 system and the K2 system present 
better wear resistance than the 316 L coatings. Comparing all 
coatings, those produced with the K2 process have been found 
to present the best wear resistance. 
 
6A and 3.50 coatings showed similar or better corrosion 
resistance in both H2SO4 and artificial seawater than those of 
316 L. 
 
The results demonstrate the enormous potential of ferrous 
coatings for wear and corrosion applications. Depending on 
the envisaged application with its technological as well as 
economical demands, a suitable alloy composition can be 
chosen and processed. Further material development also 
offers the possibility to meet even more specific demands. 
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